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This investigation deals with the °ow of Al2O3–water nano°uid in a wavy porous channel

embedded in porous rocks. Fluid exchange takes place uniformly between porous rocks and the
wavy channel. In this analysis, cylindrical and parallel plate wavy porous channels are con-

sidered. Consequences of Brownian motion and thermophoresis on the °ow inside a wavy porous

channel are elucidated. The modeled equations are made dimensionless by using dimensionless

quantities. Impacts of °ow parameters on the velocity, temperature, Nusselt number and fric-
tion factor are depicted through graphs. The numerical results with respect to parallel plate

wavy porous channel are validated by comparing with the published results. The e®ectiveness of

the cylindrical wavy porous channel as a heat transfer enhancement device in comparison to the
parallel plate wavy porous channel is con¯rmed in this study. Designing devices at microlevels

and understanding the heat transfer enhancement mechanism in wavy channels using the

nanoparticle addition are the major outcomes from the results of this numerical investigation.

The heat and mass transfer rate enhancements in the wavy porous channels are due to the
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higher Brownian motion in the boundary layer region and accelerated thermophoresis through

thermal and concentration boundary layer thicknesses.

Keywords: Wavy porous channel; Buongiorno's model; heat transfer; nano°uid.

1. Introduction

It is a fact that the low heat transfer (HT) qualities of base °uids like water,

mineral oils and ethylene glycol make it di±cult to increase the e®ectiveness of

many thermal systems. Some solids, including metals, have substantially greater

thermal conductivities than typical liquids. As a result, adding a suspension of tiny

solid particles to pure liquids works well to improve the liquids' ability to transmit

heat. A particle between 1 nm and 100 nm in size is referred to as a nanoparticle.

The stable and uniform suspension of solid particles in a base °uid, known as a

nano°uid, improves the thermal and rheological behaviors of the °uid without

a®ecting its chemical or physical properties. Choi1 pioneered the idea of suspending

nanoparticles in regular °uids to improve heat transfer. In addition to having

better thermal conductivity, adding nanoparticles to °uids rather than micro-

particles is done for a variety of scienti¯c reasons, including increased stability, less

erosion and clogging and a reduced need for powerful pumping. There are several

potential and practical physical uses for nano°uids. Nano°uids, for instance, are

used in a variety of industries, such as biomedicine, automotive cooling systems,

fuel cells, solid-state lighting, microelectronics, microchips, food processing, ship-

ping and manufacturing. Metals, metallic oxides and carbon nanotubes are used in

inclusion for biomedical equipment, lubrication and heat transmission.2 The con-

sequences of introducing nanoparticles to base °uid have been the subject of several

researches recently, with a particular emphasis on the ensuing thermal character-

istics. For instance, Rehman et al.3 analyzed silver–water and silver–blood base

nano°uids °ow over °uctuating disk with the in°uence of viscous dissipation over

the °uctuating disk. Rehman et al.4 further analyzed graphene oxide–ethylene
glycol and graphene oxide–blood base nano°uids °ow over a vertical surface. It is

seen that the velocity pro¯le is slowed down as the stretching parameter and

nanoparticle volume percentage are increased. Ahmed5 explored the temperature-

dependent viscosity e®ect on forced convective CH3OH–Fe3O4 nano°uid °ow

through annular duct. Haider et al.6 studied on the impact of heat transfer on

peristaltic °ow of nano°uid and its applications in real-world problems. Hammid

et al.7 carried out laminar rare¯ed °ow analysis in a microchannel with H2O–Cu
nano°uid. They discovered that, while the Nusselt number rises with greater

nanoparticle volume fractions, the nanoparticle volume fraction has no e®ect on

the velocity distribution or temperature ¯eld. The works in the related areas are

observed in Refs. 8–11.
Due to the extensive range of applications in industry and engineering heat

transfer, internal °ows attracted the researchers toward them. The °ow through

channels of various cross-sections gained the attention of many researchers and
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engineers due to advantages in nuclear power plant, solar cells and several thermal

systems. A comprehended pattern of °ow in wavy channel (WC) with penetrable

walls is one of the trending areas of research. Plenty of research works have been

done in this aspect. Simulation of Cu–water nano°uid through a WC has been

investigated by Ahmed et al.12 The solutions are computed via the ¯nite di®erence

method. In their study, incremented amplitude of WC upgrades the Nusselt

number signi¯cantly. Lin et al.13 developed a model to describe the thermal per-

formance in a WC by means of wavelength and amplitude. Interaction between

liquid and solid particles in a ¯nite symmetric WC has been described by Ijaz

et al.14 It is remarked that velocity ¯eld diminishes for higher electro-osmotic

parameter. Flow inside a WC has been examined by Rasoulzadeh and Pan¯lov15

employing perturbation method. It is established that cubic corrections exist in

the case of impermeable walls. Vo et al.16 evaluated the °ow of �-AlOOH nano-

liquid in a sinusoidal WC. It is remarked that improving the percentage of

nanoadditives yields higher Nusselt number. Experimental study on nano°uid

°ow in a microchannel heat sink consisting of WC has been done by Sajid et al.17

They demonstrated that channel wavelength has a positive impact on heat

transfer rate (HTR). Sadeghi et al.18 analyzed the thermal behavior of magnetic

buoyancy-driven °ow in ferro°uid-¯lled wavy enclosure furnished with two

circular cylinders.

The porous channel has emerged as a potential solution because of its pore–solid
structural orientation as it enables a higher rate of heat transfer with comparatively

less pressure loss. Additionally, the heat transfer rate may be greatly increased by

using nano°uid in place of regular °uid. Hajipour and Dehkordi19 undertook both

analytical and numerical approaches to dissect heat transfer inside a channel. They

considered a channel ¯lled (partially) with porous medium. They obtained that

Nusselt number enhances at lower cold wall of the channel due to the accumulation

of nanoparticles' mass °ux. Reddy and Bhargavi20 employed Darcy–Brinkman model

to scrutinize the °ow through parallel plates. Sheremet et al.21 considered the

Forchheimer–Buongiorno approach to evaluate the °ow through a wavy cavity.

Turkyilmazoglu22 had examined the wall-driven °ow of nano°uid in a channel by

means of Buongiorno's model.

Researches on °ow and heat transfer in porous WCs with the height of wall

waviness as half the radius length, addressing the turbulent nano°uid °ow, are

no yet available in the literature. The main aim of this work is to extend

the knowledge of heat transfer and hydrodynamics of Al2O3–water nano°uid in

cylindrical and parallel plate permeable wavy channels embedded in porous

rocks. Apart from the exploration of disparate parametric e®ects, the e®ects of

thermophoresis and Brownian motion on thermal enhancement are given special

attention. The e®ects of uniform heat °ux at the boundary are taken into account.

The obtained outcomes are visualized through graphs. A systematic comparison of

CFD prediction of forced convection of Al2O3–water nano°uid is presented. The

major geometrical criterion of the height of wall waviness is considered in this

Nano°uid °ow and thermal inferences in wavy channel

2450157-3

M
od

. P
hy

s.
 L

et
t. 

B
 2

02
4.

38
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 Z

H
E

JI
A

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

05
/1

5/
24

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



forced convection study of wavy porous channels, which was missing in majority of

the previous studies.

2. Numerical Simulation and Boundary Conditions

ANSYS Fluent 15.023 is used for the numerical simulation of Al2O3–water nano°uid
°ow, employing the ¯nite volume method. The °ow is assumed 2D, steady, axi-

symmetric and incompressible with constant properties and neglecting the gravity

e®ect. The model used for turbulence is the Shear Stress Transport k–! model24 in

this investigation. The channel entrance treated as calming section is assigned

constant temperature and uniform velocity. The °ow domain is bounded with slip

walls, calming wall sections are speci¯ed as adiabatic and permeable wavy walls are

provided with uniform and constant 5000-W/m2 heat °ux. The nano°uid is at 300 K

and the width of the parallel plate wavy porous channel is 15 cm. Also, 25 cm is the

length of each calming length section and the total channel length is 200 cm. The

wavy wall temperature is 310K.

2.1. Cylindrical wavy channel

We assume the °ow of Al2O3–water nano°uid in cylindrical wavy porous channel

(Fig. 1). Figure 1 illustrates the geometry of cylindrical wavy porous channel with

0 < R < R!�ðXÞ, 0 < X < L and 0 < � < 2�, in which �ðXÞ may be a periodical

function with period l and average amount 1. We consider �ð0Þ ¼ 1 at the channel's

inlet. When �ðXÞ ¼ 1, the channel becomes a normal cylinder. Let R! and L be the

mean radius and characteristic length of the cylindrical channel. It is assumed that

the in°ux at channel's inlet at X ¼ 0 is W0.

The boundary condition on the inlet of channel imposing the average velocity U0

(or °ow rate W0) is

U0 ¼
2

½R!�ð0Þ�2
Z R!�ð0Þ

0

UXðR; 0ÞRdR: ð1Þ

Fig. 1. Schematic of the cylindrical wavy porous channel problem: U0 (average velocity of the channel),

M (half the radius)¼ 0:5R! (mean radius of the cylindrical channel),Hmin (minimum of channel height)¼
R! and Hmax (maximum of channel height) ¼ 2R!.
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We consider the appropriate parameters as

x ¼ X

L
; r ¼ R

R!

; p ¼ P

p0
; u ¼ UX

U0

;

v ¼ UR

U0

; ! ¼ R!

L
; " ¼ l

L
; Re ¼ �fU0R!

�f

9>>=
>>;

ð2Þ

where P ;UX and UR are the pressure, axial °uid velocity and radial °uid velocity,

respectively. Further, p;u and v are the dimensionless pressure, dimensionless axial

velocity and dimensionless radial velocity, respectively. The characteristic pressure

p0 is determined as the pressure drop along the length L caused by Poiseuille's °ow at

velocity U0 : p0 ¼ �U0L
R 2

!
.

Let the parameters ! and " be so small that 0 < !; " � 1. In this case, the ratio !
"

accounts for the various °ow regimes. Channels having straight walls are the limiting

cases:

. When !
" � 1, the channel's aperture may be very large, and the associated

corrugations could be ignored.

. When !
" � 1, the corrugation period becomes very large.

Here, we consider the case when ! � "��, �� � 1 (Fig. 1).

The thermophysical properties of nano°uid are

�nf ¼
�f

1� 34:87
dp
df

� ��0:3
�1:03

; ð3Þ

�nf ¼ ð1� �Þ�f þ ��p; ð4Þ
ð�cpÞnf ¼ ð1� �Þð�cpÞf þ �ð�cpÞp; ð5Þ

knf ¼ kf 1þ 4:4ðReÞ0:4Pr0:66 T

Tfr

� �
10 kp

kf

� �
0:03

�0:66

� �
; ð6Þ

Re ¼ �fuBdp
�f

; ð7Þ

uB ¼ 2kBT

��fd
2
p

; ð8Þ

where �nf ; �nf ; ð�cpÞnf and knf are, respectively, the dynamic viscosity, density, spe-

ci¯c heat capacity and thermal conductivity of nano°uid. Further, �f ; �f ; ð�cpÞf and
kf are, respectively, the dynamic viscosity, density, speci¯c heat capacity and

thermal conductivity of base °uid. In addition, �p, ð�cpÞp and kp are, respectively, the

density, speci¯c heat capacity, thermal conductivity and diameter of the nanopar-

ticle. Here, df and dp are the diameters of base °uid molecule and nanoparticle,

respectively, � is the solid volume fraction, Tfr is the freezing point of base °uid, kB
(¼ 1:38064� 10�23J/K) is the Boltzmann constant, T is the temperature and uB is

Nano°uid °ow and thermal inferences in wavy channel
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the nanoparticle Brownian velocity. Here, for water, df ¼ 0:385 nm. Also, Pr is the

Prandtl number and Re is the Reynolds number.

Accordingly, the dimensionless governing equations are

!
@u

@x
þ 1

r

@ðrvÞ
@r

¼ 0; ð9Þ

Re !u
@u

@x
þ v

@u

@r

� �
¼ � @p

@x
þ �nf

�f

�f
�nf

!2 @
2u

@x2
þ 1

r

@

@r
r
@u

@r

� �� �
; ð10Þ

Re !u
@v

@x
þ r

@v

@r

� �
¼ � 1

r

@p

@r
þ �nf

�f

�f
�nf

!2 @
2v

@x2
þ 1

r

@

@r
r
@v

@r

� �� �
; ð11Þ

PrRe !u
@�

@x
þ v

@�

@r

� �
¼ �nf

�f

@2�

@r2
þ 1

r

@�

@r

� �� �

þ Pr
ð�cpÞf
ð�cpÞnf

� �
Nb

@�

@r

@�

@r
þ Nt

@�

@r

� �
2

� �
; ð12Þ

LePrRe !u
@�

@x
þ v

@�

@r

� �
¼ @2�

@r2
þ 1

r

@�

@r

� �� �
þ Nt

Nb

@2�

@r2
þ 1

r

@�

@r

� �
: ð13Þ

The dimensionless boundary conditions are

1 ¼ 2

Z �ð0Þ

0

ruðr; 0Þdr ¼ 2

Z 1

0

ruðr; 0Þdr;
@u

@r

� �
r¼0

¼ 0; ðvÞr¼0 ¼ 0; ð�Þr¼0 ¼ 1; ð�Þr¼0 ¼ 1;

ðuÞr¼�ðxÞ ¼ !u�; ðvÞr¼�ðxÞ ¼ �!v�; ð�Þr¼�ðxÞ ¼ 0; ð�Þr¼�ðxÞ ¼ 0:

9>>>>>=
>>>>>;

ð14Þ

Here, !u� ¼ UX�
U0

and !v� ¼ UR�
U0

are the two components of velocity of °uid °ow

through channel's boundary, �nf and �f are, respectively, the thermal di®usivities

of nano°uid and base °uid, � is the nondimensional temperature, Nb is the

Brownian motion parameter, Nt is the thermophoresis parameter and Le is the

Lewis number.

2.2. Parallel plate wavy channel

The approach followed in Sec. 2.1 has been applied to study the °ow of Al2O3–
water nano°uid in a slab-shaped parallel plane wavy channel with penetrable

walls embedded in porous rocks (Fig. 2). As the depth of the channel normal to

the °ow direction is in¯nite, the problem is considered as two-dimensional

(Fig. 2). The thermophysical properties of water and nanoparticles at T ¼ 300K

as shown in Table 1.

The boundary condition at the inlet section with average velocity U0 is

U0 ¼
1

H�ð0Þ
Z H�ð0Þ

0

UXð0;ZÞdZ: ð15Þ
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It is assumed that the in°ux from host porous rocks is uniform with ðU �
X;U

�
ZÞ. Let us

introduce the following dimensionless variables:

x ¼ X

L
; z ¼ Z

H
; u ¼ UX

U0

;

v ¼ UZ

U0

; p ¼ P

p0
;

9>>=
>>;

ð16Þ

with p0 ¼ �U0L
H2 , Re ¼ �U0H

� and w ¼ H
L .

Using the above assumptions, the dimensionless governing equations of the

steady-state incompressible °ow are

!
@u

@x
þ @v

@z
¼ 0; ð17Þ

Re !u
@u

@x
þ v

@u

@z

� �
¼ � @p

@x
þ �nf

�f

�f
�nf

!2 @
2u

@x2
þ @2u

@z2

� �
; ð18Þ

Re !u
@v

@x
þ v

@v

@z

� �
¼ � 1

!

@p

@z
þ �nf

�f

�f
�nf

!2 @
2v

@x2
þ @2v

@z2

� �
; ð19Þ

PrRe !u
@�

@x
þ v

@�

@z

� �
¼ �nf

�f

!2 @
2�

@x2
þ @2�

@z2

� �

þ Pr

Nb !2
@�

@x

@�

@x
þ @�

@z

@�

@z

� �

þ Nt !2
@�

@x

� �
2

þ @�

@z

� �
2

� 	

2
6664

3
7775þ ð�cpÞf

ð�cpÞnf
Q�; ð20Þ

LePrRe !u
@�

@x
þ v

@�

@z

� �
¼ !2

@2�

@x2
þ @2�

@z2

� �
þ Nt

Nb
!2 @

2�

@x2
þ @2�

@z2

� �
: ð21Þ

Fig. 2. Schematic of the parallel plate wavy porous channel problem: U0 (average velocity of the

channel),M (half the radius)¼ 0:5R! (mean radius of the cylindrical channel),Hmin (minimum of channel

height) ¼ R! and Hmax (maximum of channel height) ¼ 2R!.

Nano°uid °ow and thermal inferences in wavy channel
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The resulting boundary conditions are

1

2
¼

Z �ð0Þ

0

uð0; zÞdz ¼
Z 1

2

0

uð0; zÞdz;
@u

@z

� �
z¼0

¼ 0; ðvÞz¼0 ¼ 0; ð�Þz¼0 ¼ 1; ð�Þz¼0 ¼ 1;

ðuÞz¼�ðxÞ ¼ !u�; ðvÞz¼�ðxÞ ¼ �!v�; ð�Þz¼�ðxÞ ¼ 0; ð�Þz¼�ðxÞ ¼ 0:

9>>>>>=
>>>>>;

ð22Þ

3. Mesh Independency and Validation

Di®usion and convection equations are discretized with central di®erencing and

second-order upwind methods. For domain discretization, a structured, quadrilateral

and nonorthogonal mesh, more re¯ned near the wavy surfaces (Figs. 3 and 4), is used

to ¯nd out the minor changes accurately (y < 1) in the gradients of velocity and

temperature. SIMPLE algorithm for pressure–velocity coupling and second-order

implicit scheme for transient formulation were employed. Simulations were run to

achieve stable statistics of the °ow and turbulence and iterations were continued

until the convergence reached the residual value of 1� 10�5 for every variable. Mesh

independency studies included four ranges of mesh sizes. The height Hmin is taken as

the radius and height Hmax is taken as the diameter of the cylindrical wavy channel

(2.5 cm) and height for the parallel plate wavy channel is taken as M ¼ half the

radius at Re ¼ 5000 and � ¼ 4%. For the mesh sizes 70� 700; 80� 800; 90� 900

and 100� 1000, the Nu values obtained are 50.32, 52.26, 53.75 and 53.77, and the

friction factors obtained are 0.0366, 0.0337, 0.0316 and 0.0315, respectively. The

mesh size (100� 1000) provides enough accuracy.

The comparison of the results of parallel plate wavy channel on the basis of the

values of Nu/Nu0 ratio in respect of Ref. 26 is plotted in Fig. 5 as functions of Re

Fig. 3. Mesh for the cylindrical wavy channel domain.

Table 1. Thermophysical properties of water and nanoparticles at T ¼ 300K.25

Material � (kg/m3) k(W/mk) cp (J/kgK) �(�106kg/ms) dp (nm)

Al2O3 3970 40 765 ��� 33
Water 993 0.628 4178 695 ���
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for a ¯xed geometry (height of the wall waviness in relation to the total height of

the channel, M ¼ 0:2 and distance between the wavy wall and °at wall, Hmax ¼ 1).

Parametric experimental results describing the waviness factor are not available with

respect to any of the wavy channels used in this study. The results obtained for the

above geometry using the solver used in this study are used for comparison of Nusselt

number with that of its base °uid as a ratio. The published and our study values

on Nusselt number ratio were almost similar with R2 ¼ 0:999, validating the model

reliability.

4. Results and Discussion

In this section, the e®ects of distinct °ow parameters on velocity, temperature,

Nusselt number and friction factor are discussed with the help of graphs. Here, we

considered the °ow of Al2O3–water nano°uid through distinct cross-section. One is

the symmetric cylindrical channel and another is parallel plate channel with per-

meable wavy walls embedded in porous medium.

Fig. 4. Mesh for the parallel plate wavy channel domain (magni¯ed view).

Fig. 5. (Color online) Validation of nano°uid-to-base °uid Nusselt number ratio in parallel plate wavy

porous channel with the results of Ref. 26.
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The Nusselt number values are depicted as a function of Reynolds number Re

(Re ¼ 100–10000) by varying the Prandtl number Pr (1.4–8.69) and volume fraction

(0–4%) of nanoparticles (Figs. 6–11). Both � (Figs. 6–9) and Pr (Figs. 10 and 11)

enhance the heat transfer. As Pr increases the thermal boundary layer thickness

diminishes, which leads to high heat transfer. The Nusselt number enhancements

for cylindrical wavy channels were 4.92 and 6.52 times with Pr and � variables,

respectively, for the Re of 100–1000 in this study. For Pr, the enhancement was up to

18.02 times for Reynolds number Re (Re ¼ 100–10000). Rate of heat transfer rises

by 16.4 times (4.29 times only when considering the increase in Re up to 1000 and

6.66 times, respectively, for parallel plate wavy channels in this study). The per-

turbation was signi¯cant with the mid-height horizontal velocity with respect to the

variation of Pr in this study. A very small quantity of nanoparticle addition can

ensure an enhancement in heat transfer through higher thermal conductivity and

higher velocity gradient. Low temperature gradient, thin momentum and thick

Fig. 6. (Color online) Consequences of � and Re below 1000 on the Nusselt number for cylindrical

channel.

Fig. 7. (Color online) Consequences of � and Re above 1000 on the Nusselt number for cylindrical

channel.
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thermal boundary layers augment in this achievement. Bulk °uid and boundary

temperatures justify the reduction in thermophoresis owing to the addition of

nanoparticles. But Brownian motion at this condition creates an oscillatory behavior

due to the action of base °uid's higher thermal di®usivity. Though Pr reduces

Fig. 10. (Color online) Consequences of Pr on the Nusselt number for cylindrical channel.

Fig. 8. (Color online) Consequences of � and Re below 1000 on the Nusselt number for parallel plate
channel.

Fig. 9. (Color online) Consequences of � and Re above 1000 on the Nusselt number for parallel plate

channel.
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concentration, it increases temperature with the distribution, mostly by convection

as momentum di®usivity takes domination over thermal di®usivity.

Reduction in friction factor and enhancement in shear stress with Re are more

evident at higher Re (Figs. 12 and 13). Cylindrical wavy channel has greater friction

factor compared to parallel plate channel. Brownian motion leads to pressure drop

enhancement for nano°uids than regular °uids, nullifying the e®ect of thermo-

phoresis. The quanti¯cation of these variations decides the design as well as running

costs. Induction of reduced thickness of momentum boundary layer and friction

factor with enhancement in shear rate is the e®ect of nanoparticle addition. Wavy

surfaces show higher turbulence than straight surfaces at higher Re.

The mean di®erence temperature between the bulk and wall base temperatures

de¯ne LMTD (log mean temperature di®erence). As the Al2O3–water nano°uid

showed less wall base temperature (90.42% reduction for cylindrical wavy channel

and 90.51% reduction for parallel plate wavy channel) due to higher thermal con-

ductivity and heat absorbing capacity (Figs. 14 and 15), lower LMTD (5.74%

reduction for cylindrical wavy channel and 6.23% reduction for parallel plate wavy

channel) is obtained corresponding to all Re values of nano°uids (Figs. 16 and 17)

Fig. 11. (Color online) Consequences of Pr on the Nusselt number for parallel plate channel.

Fig. 12. (Color online) Consequences of Re below 1000 on the fanning friction factor.
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Fig. 13. (Color online) Consequences of Re above 1000 on the fanning friction factor.

Fig. 14. (Color online) Consequences of Re below 1000 on the wall base temperature.

Fig. 15. (Color online) Consequences of Re above 1000 on the wall base temperature.
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investigated. Thermal resistance (LMTD/heat transfer rate) decreases with rising

nanoparticle volume fraction and Re due to the convective heat transfer coe±cient

enhancement. It is seen that cylindrical wavy channel has higher temperature dif-

ference than parallel plate wavy channel. It is demonstrated that cylindrical wavy

channel exhibits larger temperature at the wall.

The mean bulk temperatures of the nano°uid inside the wavy channel for the

e®ects of Re and Pr are displayed in Figs. 18 and 19. Rising Prandtl number belittles

the average bulk °uid temperature (30% reduction for cylindrical wavy channel and

29.2% reduction for parallel plate wavy channel). Enhancement in forced convection

and consequent °uid heat transfer reduces the mean bulk temperature with Re. This

is due to the fact that, when Pr gets larger, viscous di®usion increases which results in

lower thermal boundary layer thickness. Hence the temperature decreases.

The low viscosity makes the nano°uid temperature equal to that of the heated

wall very quickly at low Pr. Peaks of °ow are observed with the rise in Pr, consequent

to slow reduction in °uid temperature at the boundary walls and channel outlet. This

causes formation and thickening of thermal boundary layer at heated wall and an

Fig. 16. (Color online) Consequences of Re below 1000 on the log mean temperature di®erence.

Fig. 17. (Color online) Consequences of Re above 1000 on the log mean temperature di®erence.
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even temperature to nanoparticles in comparison to boundary value due to shooting

viscous dissipation values. Higher nano°uid thermal conductivity than base °uid

(� ¼ 0%) makes this easier. Further, °uid and particles get compressed near the

heated wall and the particle distribution is made irregular and reduced. In addition,

though nano°uid temperature is devalued, average heat transfer increases along the

channel with the help of nano°uid.

Upon varying the in°uencing parameters, the mid-height horizontal velocity

experienced outstanding change. The characteristic shape of wall waviness is

transferred to the °ow and to the U velocity pro¯les as evident in Figs. 20 and 21 that

leads to heat transfer enhancement through the wake generation. As the Pr increases

from 1.4 to 8.69, at the axial distance of 0.6, the U velocity waviness is maximum

for the minimum value of Pr. Velocity ¯eld diminishes at the coordinates 0 and 1

and shows enhancement at the centerline region of the channel. There is 200%

enhancement in U velocity for cylindrical wavy channel and 177% enhancement in

U velocity for parallel plate wavy channel, when the Pr is increased from 1.4 to 8.69

at the central region of the channel.

Fig. 18. (Color online) Consequences of Pr on the mean bulk temperature for cylindrical channel.

Fig. 19. (Color online) Consequences of Pr on the mean bulk temperature for parallel plate channel.
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The enhancement in viscous force makes the °uid velocity decelerated. Though

the concentration of the °ow velocity is at the channel center at the beginning, as the

addition of nanoparticles increases from 0% to 4%, it distributes to the full channel

domain. The °uid with lower concentration moves faster than that with higher

concentration. So thermophoresis is to be controlled with an optimum lower value

to get higher nanoparticle concentration adjacent to the walls. Rise in buoyancy/

viscous forces causes a signi¯cant reduction in magnitude of centerline velocity in

the channel (80.1% for cylindrical wavy channel and 78.17% for parallel plate

wavy channel). When the concentration function of nanoparticles near the walls is

decreased, Brownian motion of the nanoparticles increased. The major °ow changes

are limited to channel center and hot walls. The maximum horizontal velocity

magnitude decreases with the enhancement in Brownian motion, increasing the

temperature. The increase of thermophoresis leads to the decrease of heat transfer

rate on the walls due to the e®ect of nanoparticle's heat capacity.

The possible reason for the higher heat transfer in the cylindrical wavy porous

channel than the parallel plate wavy porous channel is due to the larger e®ective

Fig. 20. (Color online) Consequences of Pr on the mid-height horizontal velocity for cylindrical channel.

Fig. 21. (Color online) Consequences of Pr on the mid-height horizontal velocity for parallel plate

channel.
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surface area which was exposed to the nano°uid and the higher conduction mode of

heat transfer and waviness factor associated with the cylindrical wavy channel.

5. Conclusions

A numerical study on forced convective heat transfer using Al2O3–water nano°uid
°ow through cylindrical and parallel plate wavy porous channels subjected to the

uniform wall heat °ux and Buongiorno's model is carried out. In this study, ther-

mophoresis reduced the maximum magnitudes of velocity and particle concentration,

and increased the temperature pro¯les and pressure drop in the wavy channel.

Thermophoresis has decreasing e®ects on the Nusselt number including the impact of

Reynolds number. Variations of local density, viscosity and thermal conductivity

sequentially a®ect the enhancement in heat transfer by nanoparticle thermophoresis.

Brownian motion increases Nusselt number ¯rst, causing it to reach to a maximum

value and then decrease. Brownian motion decreases concentration function near the

walls while it enhances temperature and concentration ¯elds. The Prandtl number

and volume fraction account for the °uid °ow structures and the temperature pro¯le

in a wavy channel and their highest values coincide with the maximum heat transfer

rate and hence are geometry-dependent. Using wavy channel is a suitable method

to increase the thermal performance and the compactness. The e®ectiveness of the

cylindrical wavy channel as a heat transfer enhancement device than the parallel

plate wavy porous channel is con¯rmed.
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